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We demonstrate that bistability of the nuclear spin polarization in optically pumped semiconductor quantum
dots is a general phenomenon possible in dots with a wide range of parameters. In experiment, this bistability
manifests itself via the hysteresis behavior of the electron Zeeman splitting as a function of either pump power
or external magnetic field. In addition, our theory predicts that the nuclear polarization can strongly influence
the charge dynamics in the dot leading to bistability in the average dot charge.
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I. INTRODUCTION
The hyperfine interaction in solids between the electron
and nuclear spins1 leads to the Overhauser energy shift  of
the electron spin states. This is produced by the magnetic
dipole moments of orientated nuclear spins, often described
in terms of the effective nuclear magnetic field, BN
=2 /geB. The hyperfine interaction is also responsible for
the transfer of spin from electrons to nuclei and may lead to
a significant nuclear spin polarization S if the system is
pumped with highly polarized electrons.2–4 Recently, nuclear
spin effects have been observed in optically pumped semi-
conductor quantum dots QDs.5–12 In these experiments, cir-
cularly polarized light generated electron-hole pairs which,
then, relaxed into the ground state of the dot, with electrons
exhibiting a longer spin memory than the holes which lose
their spin polarization due to a stronger spin-orbit
coupling13,14.
Recently, the nuclear spin orientation in optically pumped
dots has been found to display a pronounced bistability in
externally applied magnetic fields.10–12 This appears as a
thresholdlike switching of the nuclear magnetic field
BN2–3 T and a characteristic hysteresis behavior ob-
served in the dependence of the nuclear polarization on ei-
ther the intensity of the polarized light10,11 or external mag-
netic field.12,15,16
In this paper, we propose a theory of the nuclear polariza-
tion bistability in optically pumped QDs. We study the dy-
namics of nuclear spins in a dot populated by electrons el
and holes h, which arrive into its ground state with the
independent rates w el and w˜ h and polarization degrees 
el and ˜ h. These polarization degrees reflect the prob-
ability for the el/h to arrive onto the QD with either a spin-up
or spin-down z component of angular momentum not nec-
essarily reflecting the polarization of photon exciting the dot
due to, e.g., the strong spin-orbit coupling of the holes to the
lattice. For a pancake shaped dot, the lowest energy hole
states in the QD are heavy holes with spin Jz= ± 32 , where z is
the growth direction. For such hole states, the conservation
of angular momentum determines the following selection
rules for the photon emission. A spin Jz= ±
3
2 heavy hole can
only recombine with a spin Sz=
1
2 electron to emit a 
±
photon which has projection z= ±1, with the allowed pro-
cesses in our model listed in Table I.
It has recently been noticed that nuclear polarization bi-
stability may occur in the regime when light generates 100%
spin-polarized excitons on the dot. Here, we demonstrate that
bistability is a general phenomenon, possible in a wide range
of experimental conditions, including nonresonant excitation
and the regime when a dot often appears in a positively
charged exciton trion state. We also predict a phenomenon
caused by the bistable behavior of the nuclear spin orienta-
tion, the bistability of the dot average charge.
In optically pumped dots, nuclear spins become orientated
due to the spin flip-flops in which a single electron and one
of the nuclei exchange spins via the hyperfine interaction,
described by the contact Hamiltonian
H =
n
In · Ser − rn . 1
The process leading to spin transfer consists of an el-nucleus
spin flip-flop accompanying the recombination of a polarized
electron with a spin Jz= ±
3
2 heavy hole in a QD carrying a
dark exciton see Fig. 1a or positive trion see Fig. 1b.
In such a process, the electron occupies the intermediate
inverted-spin state on the dot virtually since in a magnetic
field, a real single-electron spin flip is prohibited by energy
conservation and the Zeeman splitting. Due to the form of
Eq. 1, the sum of electron and nuclear spin projection along
the direction of the external magnetic field, Iz+Sz, is con-
served. Combined with the selection rules for optical transi-
TABLE I. The possible recombinations of electrons and holes









−→D 12 ,− 32 0 ,0 ,−1 −
X
−
+→D − 12 , + 32 0 ,0 , +1 +
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+−→D+ 12 ,0 0 , + 32 ,−1 −
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−
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tions, we assume that the total projection of angular momen-
tum Iz+Sz+Jz+z is conserved for the spin-flip-assisted
recombination between one electron and one nucleus see
Table II and Fig. 1. The rate for such a photon emission
process,11
ws = u2wr/eZ2 + 142 , 2
contains a resonant denominator, similar to that found in the
studies of spin-flip-assisted phonon emission in quantum
dots.17 Its presence is determined by the virtual nature of the
intermediate state of an electron involved in the flip-flop in-
teraction with one of the nuclei. In Eq. 2, u is a typical
energy of the hyperfine interaction with a single nucleus,  is
the broadening of the electron energy level, and wr is the rate
at which the bright exciton recombines on the dot. The elec-
tron Zeeman splitting, modified by the Overhauser field BN,
is eZ=geBB−BN.18 The form of Eq. 2 implies a feed-
back due to the dependence of ws on BN, which is key to the
nuclear spin bistability.
II. KINETIC MODEL OF OPTICALLY PUMPED
QUANTUM DOT
The kinetic model describing the carrier population in the
ground state of the dot is formulated in terms of the prob-
abilities of its 16 allowed configurations based on the two
electron and two hole spin states corresponding to the lowest
el/h orbitals in the QD. We solve the rate equations for the
populations of these states and for the nuclear orientation and
then find the steady-state magnitude of the nuclear spin po-
larization S. Here, we denote the probability that the dot is
empty by n and use n n for the probabilities of the dot
occupation by a single electron hole, with the index =±
representing the spin state of the particle. We refer to these
states as D, D, and D. The probabilities for the dot to be
occupied with two electrons or two holes states D+− and
D+− are n+− and n+−. The probability to find the dot in a dark
exciton state X
 such as Fig. 1a is n





. The probability to find the dot in a
negative positive trion state labeled as X+− X
+−
, such as
Fig. 1b is n+− n
+− and, finally, n+−
+− represents the dot in
the biexciton state, X+−
+−
.
Below, we list the balance equations for the dot popula-
tion. The first two equations describe the probability of the
dot occupation by a single carrier,
n˙ =
1
2 1 + wn + wrn+−

− w˜ + 12 1 − wn,
n˙ =
1
2 1 + ˜w˜n + wrn
+− + 12 1 + SNwsn−
+−
− w + 12 1 − ˜w˜n. 3
Both include “gains” due to the arrivals of an electron or
hole into the empty dot and the recombination of a charged
bright exciton and “losses” due to the arrival of an electron
or a hole. The second equation also has a gain due to a
possible spin-flip-assisted recombination from a positive
trion, X
+−→D− see Table II, in which the spin is trans-
ferred to a nucleus.17 This process is impossible for a nega-
tive trion since in the lowest orbital state, the flip-flop is
blocked by the presence of the second electron.17 The prob-
ability for an el-h pair to recombine via spin flip depends on
the number of nuclei available, which leads to the term 12 1
+SNwsn
−
+− in Eq. 3, where S is the degree of nuclear
polarization and N is the total number of nuclei covered by
the electron wave function we estimate that N104–105 in
a typical experimentally studied InGaAs/GaAs dot4–12.
TABLE II. The spin-flip recombination processes which lead to
the pumping of nuclear spins on the dot. Those involving a spin
Sz= +
1
2 electron are shown in Fig. 1.
Process
Initial spins
Sz ,Jz , Iz
Final spins




+→D 12 , 32 ,− 12 0 ,0 , + 12 , +1 +
X
−
−→D − 12 ,− 32 , + 12 0 ,0 ,− 12 ,−1 −
X+
+−→D− 12 ,0 ,− 12 , +1 0,− 32 , + 12 +
X
−
+−→D+ − 12 ,0 , + 12 ,−1 0, + 32 ,− 12 −
FIG. 1. Color online Schematic of the dot showing the absorp-
tion of a photon and the radiative escape processes which can lead
to the polarization of nuclei for the case when the dot is occupied
by a Sz= +
1
2 electron resulting in spin-flip recombinations taking a
nucleus from spin down to spin up. a On the left, excitation of the
empty dot by − light, exciting a Sz= +
1
2 electron and Jz=−
3
2 heavy
hole into the wetting layer. They then relax into their lowest con-
fined states on the dot, during which the hole can flip its spin,
forming a dark exciton X+
+. On the right, the spin-flip recombina-
tion of the dark exciton, with rate ws, emitting a + photon and
flipping a nuclear spin. b On the left, excitation by − light of a




forming a positive trion X+
+−. Most likely, the electron will simply
recombine with the Jz=−
3
2 hole X+
+−→D+, emitting a − photon.
However, the electron can also recombine with the Jz= +
3
2 hole by
the flip-flop of its spin with a nucleus X+
+−→D−, emitting a +
photon.
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1 − ˜w˜n − wn+−. 4
Kinetics of the neutral bright and dark excitons X
 and
X





2 1 + ˜w˜n +
1











2 1 − ˜w˜n +
1
2 1 + wn
− + wrn+−
+−
− wr + 12 1 − w + 12 1 + ˜w˜n−. 5
Both neutral bright and dark exciton populations decrease
when more carriers arrive onto the dot. The neutral bright
exciton can also be created and removed due to the el-h pair
recombination in the processes X+−
+−→X− and X−→D, re-
spectively see Table I. The dark exciton can decay due to
the spin-flip-assisted recombination X
→D leading to the
spin transfer to nuclei17 see Table II.
Kinetics of the trions X+−
 and X





















− wr + 12 1 − SNws + 12 1 − wn+−. 6
Both trion populations change due to the recombinations
X
+−→D, X+− →D, Table I, and arrival of a single addi-
tional charge the ground states of the dot permit a maximum
of four carriers. A positive trion can also recombine in the
spin-flip-assisted process X
+−→X− Table II, forbidden for
the negative trions.17
Finally, the biexciton state X+−
+− cannot contribute to the















The probabilities for the dot with a given nuclear polar-
ization to be in each of the 16 configurations are found using






+− and the steady-state condition for Eqs.
3–7. We formally write these equations in the form Mˆ n
= 1,0 , . . . ,0T, where the components of n are the occupa-
tion numbers and Mˆ is a 1616 matrix with elements deter-
mined by the coefficients in Eqs. 3–7 and the normaliza-
tion condition. The formal solutions for components of n are
given by Ci,1 /det M, where Ci,1 is the relevant cofactor of Mˆ .
III. BISTABILITY OF THE STEADY-STATE NUCLEAR
POLARIZATION AND QUANTUM DOT CHARGE
A steady-state value for the nuclear polarization S de-
fined as S= f⇑− f⇓ can be obtained by substituting formal
steady-state solutions of Eqs. 3–7, for a given S, into the
balance equation for the occupation numbers of spin-up f⇑
and spin-down f⇓ nuclei,19




+−ws − Swd. 8
It summarizes the processes leading to the nuclear spin
pumping see Table II: S is increased as a result of the
spin-flip-assisted recombination of X+
+ and X+
+− and reduced






Thus, the balance between the populations of X+
+ and X+
+− on




+− on the other will eventually define
the sign of the net nuclear polarization.17 However, an addi-
tional important contribution to the depolarization of the nu-
clei has to be taken into account. It arises from their mutual
dipole-dipole interaction effectively leading to the nuclear
spin diffusion from the dot into the bulk semiconductor,20
described in our model by the rate wd.21














max is defined through the Overhauser field BN as
BN=BN










the rate for spin-flip-assisted recombination, Eq. 2, can be
represented in the form22
ws 
wr
N2x − S2 + 14	
2 . 11
The steady-state values of S, determined by the feedback
built into Eqs. 2–11, are given by the solutions of the
equation IS=0, satisfying the condition dIdS
0 solutions
with dIdS0 are unstable23. Figure 2 demonstrates that for a
fixed external magnetic field, the number of stable solutions
for the nuclear spin polarization varies: it can be 1 or 2
depending on the incident power and other experimental pa-
rameters such as wd , , ˜, and the ratio w / w˜. At small pow-
ers, only a single low value of S is possible. At high powers,
when two stable solutions appear including one with a large
Sx, the dot enters the regime of the nuclear spin bistabil-
ity. This result strongly depends on the depolarization param-
eter z, defined in Eq. 9, so that in the following discussion,
we specify the range of z where a bistability occurs.
The bottom parts of Figs. 3a and 3b show the calcu-
lated evolution of the nuclear polarization in a dot for real-
istic magnitudes of the depolarization parameter z, in the
regime where electrons have a high degree of spin memory
and arrive with the same rate as the depolarized holes. Figure
3a contains a large hysteresis loop in the power dependence
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of S for a fixed magnetic field here, x=0.6, similar to those
observed in Refs. 10 and 11. The bistable behavior occurs for
a wide range of the depolarization parameter z, 5z14.
Experimentally, the evolution of S can be detected in
polarization-resolved photoluminescence experiments on in-
dividual self-assembled InGaAs/GaAs quantum dots, by de-
ducing it from the measured exciton Zeeman splitting.
If z is too large, the degree of nuclear polarization can
never become sufficiently large to enable the positive feed-
back mechanism to accelerate the nuclear spin pump and
drive the system into a bistable behavior. As such, the degree
of nuclear polarization achieves a maximum value, Sx,
before decreasing very slowly for large P	1 due to the in-
creasing occupation of the dot by a biexciton which cannot
decay via spin-flip processes. Conversely, if z is small, nu-
clei are pumped with spin too quickly for the feedback
mechanism to make the system bistable even as S→x, since
	0. However, even for small depolarization parameters z,
the degree of nuclear polarization plateaus for Sx. This is
due to the spin-flip recombination rate rapidly decreasing in
contrast to the increasing wdS term in Eq. 8. Indeed, as for
large z, eventually the pump and diffusion of nuclear spins
will cancel each other, and S will saturate before eventually
decreasing.
The orientation of nuclei also undergoes a bistable behav-
ior as a function of external magnetic field, manifested by a
large hysteresis loop similar to those found in Ref. 12, as
shown in Fig. 3b for z=8. In the low power regime, there is
no bistability, and a smaller value of z is required to observe
this effect. At high powers, the system is more difficult to
drive into the bistable regime due to the higher occupation
of biexcitons on the dot, and larger values of x are required
to do so which artificially drives the system into the bistable
regime, as seen by the consideration of Eq. 11.
We also find that the bistability in S leads to a phenom-
enon: a hysteresis in the average dot charge Q see top part
of Figs. 3a and 3b. For the hysteresis loop in the dot
charge to be substantially large, one requires that polarized
electrons with spin Sz= +
1
2 arrive onto the dot at a similar
rate as unpolarized holes if this is not the case, the hysteresis
loops become negligible, as shown by the insets in Figs. 5a
and 5b. Also, as illustrated in Fig. 3b, one needs to be in
a relatively low power regime, P1, to observe the bistable
behavior in Q despite the large hysteresis in nuclear polar-
ization. That is, the hysteresis in Q is optimized for the
situation when w= w˜wr and =1, ˜=0.
To explain how the bistable kinetics of nuclear spins leads
to the bistability of the dot charge, let us discuss the example
of bistability shown in Fig. 3. In this case, 95% of electrons
arrive with spin Sz= +
1
2 , whereas only 60% of holes come
with Jz=−
3
2 due to a strong spin-orbit coupling to the lat-
tice. Then, there is a 40% chance for a Jz= +
3
2 hole to arrive
onto the dot which, on average, will spend a long time before
finding an Sz=−
1
2 electron to recombine with. As such, the
dot tends to be occupied by a spin-up hole and is therefore
positively charged on average. For large S, such holes will be
removed from the dot due to the enhancement of the spin-
flip-assisted recombination rate, Eq. 11. Therefore, the hys-
teresis in S will be reflected as a hysteresis in the average dot
charge, with jumps up down in S corresponding to a jump
down up in Q.
FIG. 2. Color online The function IS for the situation where
w= w˜, =0.9, ˜=−0.2, x=0.6, and z=8 for three different powers:
P=0.0001,0.0003,0.0005. Stable roots correspond to the solutions
of IS=0, where dIdS
0.
FIG. 3. Color online Evolution of nuclear polarization S and
the average charging state of the dot Q for w= w˜, =0.9, and
˜=−0.2: a as a function of power for x=0.6 and various values of
z, with the arrows indicating a forward or backward sweep; b as a
function of magnetic field for z=8 and three fixed powers
P=0.0001,0.0003,0.1 corresponding to the low, bistable, and high
power regimes, as illustrated in Fig. 2.
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Most importantly, the bistabilities in nuclear polarization
and associated kinetics also manifest themselves in the line
intensities of the emitted photons in the dot recombination
spectrum. Figures 4a and 4b show that, for the same set
of parameters as in Fig. 3, there are three dominant lines,
corresponding to the emission of − photons from the posi-
tive trion X+
+− and bright exciton X+
− states. There is also a
sizable contribution, despite wrws, due to the spin-flip re-
combination of the dark exciton state, X+
+→D, emitting a +
photon with an intensity proportional to wsn+
+
. This is a con-
sequence of being in the low power regime, P1, resulting
in a dark exciton blocking further optical processes. As such,
despite ws being small, the product wsn+
+ is significant. All
other line intensities, corresponding to the remaining pro-
cesses listed in Tables I and II, are negligible 5%  in
comparison with the lines shown in Fig. 4. This is due to the
rare arrival of a spin-down electron onto the dot, which also
results in the emission of predominantly − light. As one
would expect, a jump up or down in Q is accompanied by a
similar jump in the line intensity for the process X++−→D+
proportional to n+
+− due to the enhancement of spin-flip
recombination rate, enabling both holes to recombine with
the electron. Also, one notices that a jump up in S is accom-
panied by a jump up in the emission from the state X++. This
is because, although n+
+ experiences a jump down as one
would expect, the spin-flip recombination rate is sufficiently
enhanced such that wsn+
+ increases.
Figure 5 illustrates that the range of parameters for which
the bistability in S can occur strongly depends on the ratio
between the arrival rates of electrons and holes, w and w˜, as
well as on their polarization degrees,  and ˜. In experiment,
the ratio w / w˜ can be varied by applying an electric field in a
diode containing QDs in the intrinsic region:4,6,11,12 because
of a light effective mass, electrons can tunnel out before
relaxing to the dot ground state, which in effect reduces their
arrival rate as compared to that of the holes. Figure 5a
shows the evolution of SP for w=0.1w˜. As seen from the
figure, for such low values of w / w˜, higher powers are re-
quired to pump a significant nuclear polarization, and the
bistability in S is moved toward smaller values of the depo-
larization parameter 0.2z0.5. Figure 5b illustrates
that when the polarizations of both electrons and holes is
reduced by 50%, the bistability can still be observed but only
for 0.1z0.2. In both of these cases, the dot is dominantly
in the D+− state with n+−	0.8, so that its average charge is
Q	 +1.8, exhibiting only a weak power dependence with a
negligible hysteresis loop despite a pronounced hysteresis
loop in the nuclear polarization, as shown in the insets. This
is because the dot charge is strongly determined by the be-
havior of the occupation number n+− as opposed to n+
+ for
the w= w˜ case, which is not directly influenced by the in-
creasing spin-flip recombination rate Eq. 4. Indeed, an
increase in ws will instead result in X+
+−→D− occurring
faster, and thus due to w˜=10w the formation of the state
X+− will increase, as reflected by a jump up in S being ac-
companied by a similar jump in Q.
For w=0.1w˜, =0.9, ˜=−0.2, the only noticeable contri-
bution to the line intensity is the process X+
+−→D+ emitting
a − photon, behaving in the same way as in Fig. 4a, but
with a much smaller hysteresis loop. The line intensities for
the excitons X+
− and X+
+ significant for the previous case
studied are negligible here. This is because we are in a much
higher power regime, and a second hole will quickly arrive
FIG. 4. Color online The dominant line intensities for when
w= w˜, =0.9, ˜=−0.2, and z=8: a As a function of power, taking
x=0.6; b as a function of external magnetic field, for P=0.0003.
FIG. 5. Color online Evolution of S with P in the regime
where w=0.1w˜ for z=0.16,0.4 and different polarizations of arriv-
ing electrons and/or holes. a =0.9, ˜=−0.2. The inset shows the
evolution of the charging state of the dot for z=0.4 with a very
small hysteresis loop. b Same for =0.45, ˜=−0.1, with the inset
showing the evolution of the dot average charge with power for
z=0.16.
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to form a positive trion. For =0.45, ˜=−0.1, there is also a
strong line intensity for the decay of the other positive trion
X
−
+−→D−, emitting a + photon since spin-down electrons
can arrive onto the dot more regularly.
IV. SUMMARY
We have shown that for a wide range of dot parameters
including the number of nuclei, el-h radiative recombination
time, and nuclear spin diffusion rate, the polarization of nu-
clei in a nonresonantly optically pumped semiconductor
quantum dot can exhibit a bistable behavior. Thus, we con-
clude that the nuclear spin bistability is a general phenom-
enon for dots pumped with circularly polarized light. In ad-
dition, we find that the nuclear spin polarization can also
strongly influence the charge dynamics in the dot leading to
the bistability of the average dot charge.
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